Introduction
Primary hyperparathyroidism has an estimated pre valence of 0.1% in the United States. Familial forms represent some 2-5% of primary hyperparathyroidism and are caused by germline genetic mutations (Table 1) . Among these, multiple endocrine neoplasia type 1 (MEN1), multiple endocrine neoplasia type 2A (MEN2A) , and the hyperparathyroidismjaw tumor syndrome (HPTJT) are familial syndromes of hyperparathyroidism that are associated with a spectrum of endocrine tumors and other malignancies. Some of these fami lial endocrine tumors behave very differently from their sporadic counterparts, showing distinct clinical characteristics and disease courses. Many of these tumors also have a significant malignant potential and require different treatment approaches. Being familiar with their unique features and natural history may facilitate diagnosis and help to establish individua lized management to improve outcomes.
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We herein summarize and update the knowledge on endocrine neoplasms with malignant potential found in familial syndromes of hyperparathyroidism, including 1) HPTJTassociated parathyroid carcinoma; 2) MEN1 associated nonfunctioning pancreatic neuroendocrine tumors (pNETs), gastrinoma and insulinoma, and thymic and bronchial NET (sometimes referred to as 'carcinoid tumors'); and 3) MEN2Aassociated medullary thyroid cancer and pheochromocytoma. Because of space limitations, we favor the citation of recent review articles, wherein the curious reader can easily find reference to the original studies.
Parathyroid cancer in the hyperparathyroidismjaw tumor syndrome
HPTJT is an autosomaldominant familial cancer syndrome caused by inactivating germline mutation of the cell division cycle 73 (CDC73) gene (formerly called HRPT2), with incomplete penetrance and variable expression (Carpten et al. 2002 , Bradley et al. 2006 . Because of its incomplete penetrance, patients with germline CDC73 mutation can present with a spectrum of phenotypes including seemingly sporadic parathyroid cancer, familial isolated hyperparathyroidism (FIHP) with or without parathyroid cancer, or full expression of HPTJT (Sharretts & Simonds 2010) . Patients with HPTJT may manifest hyperparathyroidism and other medical conditions, including fibroosseous tumors of the maxilla or mandible (histologically classified as cementoossifying fibromas), kidney tumors, and uterine lesions. Hypercalcemia and its complications (such as nephrolithiasis) and bone disease are major causes of mortality and morbidity in primary hyperparathyroidism. Patients of HPTJT also have an increased risk of developing parathyroid carcinoma, ranging from 15 to 37.5% in different case series (Sharretts & Simonds 2010 , Mehta et al. 2014 . For comparison, parathyroid carcinoma only accounts for 0.005% of total cancer cases in National Cancer Database Report (Hundahl et al. 1999) . Interestingly, somatic inactivating CDC73 mutations are strongly implicated in sporadic parathyroid carcinoma and have been found in up to 70% of such cancers (Shattuck et al. 2003 , Do Cao et al. 2015 .
HPTJT is an extremely rare disease. The available literature includes only case reports, case series, and retrospective studies of small sample size. The prevalence of this disease in general population is unknown. Cases of HPTJT have been reported in Australia, the US, Canada, Europe, Japan, India, China, Thailand, and France (Howell et al. 2003 , Bricaire et al. 2013 , Kutcher et al. 2013 , Kong et al. 2014 , Sriphrapradang et al. 2014 , Khadilkar et al. 2015 , Mathews et al. 2015 , Shibata et al. 2015 , suggesting that this disease has neither ethnic preference. No gender preference was found in a large patient cohort (Asare et al. 2015) .
Clinical manifestations
The vast majority of parathyroid carcinomas are functioning tumors that cause clinical symptoms or signs related to severe primary hyperparathyroidism and hypercalcemia, such as bone or joint pain, fatigue, nephrolithiasis, muscle weakness, constipation, reduced bone mass, and psychiatric abnormalities. Distinct from primary hyperparathyroidism due to parathyroid adenoma, patients with parathyroid cancer (either sporadic or in the context of HPTJT or FIHP) usually present with higher calcium levels and more severe symptoms (Shane 2001 , Wei & Harari 2012 . Total serum calcium levels are usually more than 13 mg/dL and may be even higher than 16 mg/dL, with parathyroid hormone levels at least three to ten times of the upper normal limit and often in the range 200-1800 pg/mL (Wei & Harari 2012 , Mehta et al. 2014 , Sriphrapradang et al. 2014 . Nonfunctioning parathyroid carcinoma has been reported in a normocalcemic CDC73 mutation carrier (Guarnieri et al. 2006) . Patients with HPTJT may also have or have had silent or clinically evident cementoossifying fibromas of the maxilla or mandible or uterine abnormalities. Parathyroid carcinoma can cause compressive symptoms due to mass effect such as dysphagia, dyspnea, dysphonia, or dysarthria (Shane 2001 , Wei & Harari 2012 . Parathyroid carcinomas are likely to be much bigger than parathyroid adenomas, with a diameter typically 2-3 cm or greater and a weight in the range 2-10 g (Harari et al. 2011 , Siu et al. 2011 , Wei & Harari 2012 , Chiofalo et al. 2014 , Asare et al. 2015 . Because of their large size and frequently firm texture, parathyroid carcinomas can often be palpated on physical exam (Shane 2001 , Wei & Harari 2012 . Patients with parathyroid carcinoma may also have complaints related to distant metastasis. The most common sites of metastasis include upper mediastinum, lung, pleura, and bone (Do Cao et al. 2015) .
Molecular pathophysiology
The CDC73 gene encodes the 531 amino acid protein parafibromin (also known as protein CDC73 or CDC73p) (Carpten et al. 2002 , Bradley et al. 2006 . Parafibromin is a presumed tumorsuppressor protein because germline inactivating mutation of the CDC73 gene can result in full or partial expression of the clinical syndrome of HPTJT. Parafibromin contains both nuclear and nucleolar localization signals (Dehghani et al. 2005 , Hahn & Marsh 2005 , Bradley et al. 2007 , and its Cterminal region bears significant homology to the Cterminal region of yeast protein Cdc73p (Newey et al. 2010) . Like yeast Cdc73p, human parafibromin physically interacts with the components of the polymeraseassociated factor 1 (PAF1) complex. The PAF1 complex plays a role in transcriptional regulation of RNA polymerase II (Newey et al. 2009 , Jaehning 2010 . In eukaryotes, parafibromin and the PAF1 complex play roles in the recruitment and activation of histone modification factors, transcriptional elongation, chromatin remodeling, and the recruitment of 3′end processing factors necessary for accurate termination of transcription, such as cleavage and polyadenylation specificity factor (CPSF) and cleavage stimulation factor (CStF) (Jaehning 2010 , Newey et al. 2010 . Downregulation of parafibromin increases levels of cMyc, a protooncogene, and established regulator of cell growth (Lin et al. 2008) , and enhances expression of cMyc target genes (Jaenicke et al. 2016) . Despite this knowledge of the cellular functions of parafibromin, our understanding of the necessary links between the loss of parafibromin function and the development of parathyroid cancer remains incomplete.
Diagnosis
When a patient presents with severe symptomatology of primary hyperparathyroidism and significantly elevated serum calcium and parathyroid hormone levels, it should trigger a high index of suspicion for parathyroid cancer and possible germline CDC73 mutation. Such a presentation should prompt careful elaboration of the family medical history for benign or malignant parathyroid disease and/ or fibroosseous jaw tumors. In patients with suspected or proven parathyroid cancer, genetic investigation for germline CDC73 mutation and jaw imaging should be considered to rule out HPTJT. Besides CDC73 mutations that can be detected by conventional mutational analysis, intragenic deletion of CDC73 has also been reported in patients with familial hyperparathyroidism and parathyroid carcinoma (KorpiHyovalti et al. 2014) . In a French cohort, onethird of patients were found to have germline gross deletion of CDC73 gene (Bricaire et al. 2013) . Therefore, intragenic and gross gene deletion should be assessed as a part of genetic analysis in patients with a high index of suspicion but negative CDC73 mutational testing. Partial or complete gene deletion can be detected by methods such as exon array comparative genome hybridization. Patients with parathyroid carcinoma have a high risk of lymph node (15-30%) and distal metastasis (33%) at their initial presentation (Wei & Harari 2012) . Therefore, multiple imaging modalities are recommended in the initial workup.
No single radiological modality has sufficient sensitivity and specificity for localization of parathyroid carcinoma. In one series, technetium99m sestamibi scanning made the correct localization in only 46.2% cases (Mehta et al. 2014) . In another series, the sensitivity of sestamibi scan and ultrasonography for parathyroid carcinoma were 79 and 69%, respectively (Kebebew et al. 2001) . The combination of sestamibi scan and neck ultrasound is recommended in the initial workup (Wei & Harari 2012) (Fig. 1) . On ultrasound, parathyroid carcinoma is typically found as a solid mass posterior to the thyroid gland. Compared with benign parathyroid lesions, on ultrasound, parathyroid carcinomas usually appear larger, more hypoechoic, hypervascular, heterogeneous, lobulated with irregular borders, and are associated with a higher depth/width ratio and infiltration into surrounding tissues (Hara et al. 2001 , Sidhu et al. 2011 , Do Cao et al. 2015 .
When sestamibi scan is negative, thincut CT may be helpful in localizing disease (Harari et al. 2008) . In patients with locally advanced or metastatic parathyroid carcinoma, CT or MRI of the neck/mediastinum/chest/abdomen, technetium bone scan, and 18 Ffluorodeoxyglucose PET/CT scanning can all be used as a part of metastasis and recurrence workup (Wei & Harari 2012 , Do Cao et al. 2015 .
Parathyroid biopsy is not recommended as an initial step to establish the diagnosis if parathyroid cancer is suspected, due to possibility of tumor rupture and seeding. In addition, it is technically difficult to differentiate benign from malignant tumor in histopathology exam using the small sample obtained through fineneedle biopsy. Misdiagnosis and confusion between parathyroid carcinoma and Hürthle cell thyroid lesion have been reported (Sriphrapradang et al. 2014) . However, in patients with metastatic tumors, when seeding is of less concern, biopsy of metastatic lesions can help establish the diagnosis by histological examination and determination of the parathyroid hormone level in the aspirated tissue (Harari et al. 2011) .
Upon surgical pathologic review, certain features, including fibrous bands forming trabecular architecture, capsular invasion, vascular or lymph node invasion, and increased mitotic activity and aneuploidy, are strongly indicative of parathyroid carcinoma (Schantz & Castleman 1973 , Gao et al. 2010 . Immunohistochemical staining of parathyroid carcinoma is typically positive for chromogranin A and PTH, and negative for neuropeptide, calcitonin, and thyroglobulin (Sriphrapradang et al. 2014) . A recent study of 24 parathyroid cancers and 14 benign adenomas provided evidence that employment of an immunohistochemical panel has better sensitivity and specificity than any single marker to diagnose parathyroid cancer, when used in conjunction with (F) Sestamibi-technetium subtraction image showed an increased uptake in a parathyroid lesion that was later proven to be a parathyroid carcinoma by surgical pathology (arrow).
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classical histopathology (Truran et al. 2014) . For instance, immunohistochemical analysis of parathyroid cancers usually demonstrates positive staining for PGP9.5, galectin3, and Ki67, but negative staining for nuclear parafibromin (Truran et al. 2014) .
Management
Proper screening for HPTJTassociated tumors is recom mended to start at age 5-10 in asymptomatic patients with germline CDC73 gene mutation found through genetic testing (PichardoLowden et al. 2011 , Jackson et al. 2015 . Screening includes biochemical testing every 6-12 months, and panoramic dental imaging and renal ultrasound every 5 years (Jackson et al. 2015) . The followup schedule should be individualized. Firstdegree relatives of patients with parathyroid cancer or HPTJT should also be genetically screened for CDC73 mutation (when mutation is known) or periodically screened for primary hyperparathyroidism.
Surgery is the primary treatment modality for parathyroid carcinoma. In general, patients should be treated in specialized centers with a high volume of endocrine surgical cases. Primary parathyroid carcinoma should be removed by en bloc resection. Due to the high recurrence rate of hyperparathyroidism (about 20%) in HPTJT patients, some experts recommend en bloc resection of parathyroid tumors with bilateral neck exploration (Mehta et al. 2014) . Other authors recommend ipsilateral thyroidectomy and complete central neck dissection for malignant tumors (PichardoLowden et al. 2011) , or use of radiological evidence of multiglandular involvement to guide subtotal parathyroidectomy and/or bilateral neck exploration (Haciyanli et al. 2011 , PichardoLowden et al. 2011 . For initial surgery, we would recommend en bloc resection for a lesion highly suspicious for parathyroid carcinoma, with strong consideration for bilateral neck exploration guided by radiological findings for other candidate lesions. The risk of nerve injury or other potential surgical complications must be weighed against the risk of recurrence and the likelihood of achieving surgical remission.
After the initial surgery, remission is defined as maintaining normal serum calcium and PTH level for more than 6 months, persistent disease as the return of hypercalcemia within 6 months of operation, and recurrence disease as recurrent hypercalcemia following 6 months of normocalcemia (Mehta et al. 2014) .
The calcimimetic cinacalcet can be used in parathyroid carcinoma patients as a palliative or therapeutic treatment for hypercalcemia. Using the dose ranging from 30 mg twice daily to 90 mg four times daily, the greatest reduc tion inhypercalcemia were observed in patients with higher calcium levels (Silverberg et al. 2007 ).
The U.S. Food and Drug Administration approved denosumab in 2010 for osteoporosis in postmenopausal women, as well as for prevention/treatment of skeleton related events in patients with bone metastasis from solid tumors. Denosumab binds to and inhibits the receptor activator of nuclear factor kappaB ligand (RANKL) and is a potent inhibitor of bone resorption. There is no clinical trial that has studied the efficacy and risk of denosumab in patients with parathyroid carcinoma. Several case reports found that denosumab led to successful control of hypercalcemia in patients with advanced parathyroid cancer and intractable hypercalcemia, but longterm followup is still lacking (Bowyer et al. 2013 , Karuppiah et al. 2014 , Jumpertz von Schwartzenberg et al. 2015 .
Parathyroid carcinoma is not sensitive to radiation therapy or chemotherapy. Successful immunotherapy using intradermal injection of immunogenic peptides to stimulate antibodies against endogenous PTH has been reported (Betea et al. 2004 , Horie et al. 2010 , but clinical trials are lacking and its risks and efficacy still need to be further tested.
Prognosis
Median overall survival of HPTJT patients ranges from 8.9 years (Mehta et al. 2014 ) to 14.3 years (Harari et al. 2011) from the date of diagnosis. Based on a retrospective review from 1985 to 2006 in a national cancer database, the 5 and 10year relative survival rates of parathyroid carcinoma were 82.3 and 66%, respectively (Asare et al. 2015) . Several risk factors, including large tumor size, older age at diagnosis, and male gender, are associated with shorter survival. By contrast, lymph node status or radical parathyroid surgery was not found to be significant in predicting survival (Asare et al. 2015) . Approximately, 50% of parathyroid carcinoma patients developed persistent or recurrent disease (Wei & Harari 2012 ). The 5year survival rate after recurrence was only about 50% (Silverberg et al. 2007 ), compared with 82.3% in all parathyroid carcinoma cases.
Nonfunctioning pancreatic neuroendocrine tumors in MEN1
MEN1 is a rare autosomaldominant familial cancer syndrome caused by germline lossoffunction mutation of the MEN1 tumorsuppressor gene (Marx et al. 1999) .
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The syndrome is characterized by a predisposition to endocrine tumors in pituitary, parathyroid, and enteropancreatic endocrine cells, although tumors in several other endocrine and nonendocrine tissues are also associated with the syndrome (Schussheim et al. 2001) . The common malignancies in MEN1 include functional and nonfunctional enteropancreatic neuroendocrine tumors, as well as thymic and bronchial NETs.
Pancreatic neuroendocrine tumors (pNETs) are clinically evident in 30-75% of MEN1 patients and present in 80-100% at postmortem examination, exhibiting an agedependent penetrance (Goudet et al. 2010 , Norton et al. 2015 . In MEN1, the prevalence of nonfunctioning pNET is much higher than functioning pNET such as gastrinoma, insulinoma, and glucagonoma (Table 2) (Yates et al. 2015) . The penetrance of nonfunctioning pNET is 34% at age 50, establishing it as the most frequent enteropancreatic tumor in MEN 1 patients (Triponez et al. 2006) .
The natural history of MEN1 has been significantly impacted by the changes in the epidemiology of pNET over the past decade. Studies in France and the US have shown that the causes of death in MEN1 have shifted from functioning pNET to nonfunctioning malignant pNET and thymic tumors (Goudet et al. 2010 , Ito et al. 2013a ). The 5 and 10year survival rates for nonfunctioning pNET are 75 and 50%, compared with functioning pNET, which are 90 and 85% . The median overall survival is significantly longer for MEN1 patients with functioning pNET versus those with nonfunctioning tumors (Kouvaraki et al. 2006) .
Clinical features
Nonfunctioning pNET may be clinically silent in MEN1 patients and detected only by abdominal imaging. Symptoms of malignant nonfunctioning pNET are related to local invasion, lymph node involvement, and distant metastases. Common locations for metastasis include liver (67%), lymph node (14%), and lung (10%) (Triponez et al. 2006 ).
Molecular pathophysiology
The human MEN1 gene encodes the ubiquitously expressed 610 amino acid protein menin (Chandrasekharappa et al. 1997) . Because germline frameshift, nonsense, missense, and deletion mutations in MEN1 expected to cause lossoffunction result in the clinical syndrome of MEN1, it is operationally a tumor suppressor. The menin protein contains multiple nuclear localization signals and can function as an epigenetic activator or repressor of gene transcription in different cellular contexts through interaction with distinct chromatinmodifying protein complexes (Yates et al. 2015) . The crystal structure of human menin has been solved and supports its role as a scaffolding protein that can have opposite effects on transcription (Huang et al. 2012) .
Menin interacts with a number of proteins that are involved in transcriptional regulation, genome stability, cell division, and cellular proliferation. These proteins include the transcriptional regulators cJun and JunD, members of the NFκB family of transcription factors, SMAD family transcription factors including SMAD3 and the bone morphogenetic protein2regulated SMAD1 and SMAD5, the osteoblast regulator RUNX2, and the forkhead transcription factor FOXN3 (CHES1) involved in the DNA damage response (Yates et al. 2015) . Despite these molecular insights, an understanding of the critical links between the loss of such protein-protein interactions in MEN1 and tumorigenesis in susceptible neuroendocrine cells is lacking.
Diagnosis
The mean time from the diagnosis of MEN1 to recognition of nonfunctioning pNET is about 5 years (Triponez et al. 2006) . Both CT and MRI have relatively high sensitivity (81 and 88%, respectively) for the detection of pNET, with excellent specificity and positive predictive values. Endoscopic ultrasound (EUS) is the most sensitive (close to 100%) imaging modality for pNET, and can detect lesions as small as 0.3 cm as well as lymph node metastases (Yates et al. 2015) . Because of its high sensitivity, some authors recommend the inclusion of EUS in baseline screening and followup surveillance of nonfunctioning pNET (Tonelli 2014) . Its limitations include poor visualization of distal pancreatic lesions and being highly operatordependent. Both 111 indium and 68 galliumbased somatostatin receptor scintigraphy PET/CT can facilitate tumor staging, but have limited availability and radiation exposure risk (Yates et al. 2015) . In a recent study of MEN1 patients, 68 GaDOTATATE PET/CT has been reported to show no better sensitivity or specificity in detecting MEN1related tumors (including pNET) than combined conventional imaging that included invasive endoscopic ultrasound (Lastoria et al. 2015) . However, a larger study, comparing only noninvasive imaging modalities, demonstrated a clear superiority of 68 GaDOTATATE PET/CT over conventional octreotide scintigraphy and CT for the detection of primary and 23:6 
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secondary neuroendocrine tumors, including pNET, in MEN1 patients (Sadowski et al. 2015) . The utility and accuracy of circulating tumor markers for the early recognition and diagnosis of nonfunctioning pNET is generally poor. For instance, the sensitivity of chromogranin A (CgA) to diagnose pNET was only 0.33 (de Laat et al. 2013) . However, if CgA is elevated at diagnosis, it can be used to evaluate treatment efficacy over time in advanced cases (Kunz et al. 2013) . Interestingly, fasting serum pancreatic polypeptide levels, but not CgA or gastrin, correlated significantly with the number of primary and metastatic lesions detected by 68 GaDOTATATE PET/CT in a recent study of neuroendocrine tumors in MEN1 patients; however, no pNETspecific analysis was reported (Sadowski et al. 2015) . No urinary markers have yet proven useful for the early recognition and diagnosis of nonfunctioning pNET.
Pathological staging is essential before initiation of systemic therapy for pNET, because treatment algorithms for welldifferentiated and poorly differentiated pNET are different (Kunz et al. 2013) . The risk of malignancy significantly increases with tumor size (Tonelli 2014) . Besides tumor size, Ki67 index and mitotic rate are critical determinants for assessing prognosis. The latter two factors are used to assign tumor grade during pathologic examination of pNET. When the mitotic rate and Ki67 index are discordant, the higher grade is assigned (Kunz et al. 2013) . Immunohistochemical staining for CgA and synaptophysin is recommended.
Treatment
Typically nonfunctioning pNETs can be observed in asymptomatic MEN1 patients with low tumor burden or tumor size less than 1 cm. Some authors recommended surgical intervention for nonfunctioning pNET greater than 1 cm due to their potential risk of hepatic metastasis (Imamura 2010 , Machado 2012 . Other experts, however, recognizing the significant mortality and morbidity of pancreatic surgery on one hand and the low risk of metastasis and death in MEN1 patients with nonfunctioning pNETs <2 cm on the other hand, recommend reserving surgery for rapidly growing tumors or those tumors >2 cm (Triponez et al. 2006) . Enucleation or surgical resection with adjacent lymph node dissection can be considered for lesions larger than 2 or 2.5 cm (Kunz et al. 2013) . Pancreaticoduodenectomy and distal pancreatectomy should be reserved for a small number of patients because of high risk of developing exocrine and endocrine pancreas insufficiency and increased morbidity , Vezzosi et al. 2015 .
In patients with metastatic nonfunctioning pNET, resection of the primary tumor was associated with better survival (Keutgen et al. 2016 ). Resection of single or even multiple surgically amenable hepatic metastatic lesions is recommended by some and can sometimes be curative (Machado 2012) . Radiofrequency ablation and trans arterial chemoembolization can be used to control tumor burden or to treat lesions deep in the hepatic parenchyma (Imamura 2010 , Kunz et al. 2013 .
Welldifferentiated NET in MEN1 usually responds poorly to platinumbased cytotoxic chemotherapy. Streptozocin, 5flurouracil, or temozolomide can be considered in advanced, poorly differentiated pNET for palliative purposes (Kunz et al. 2013) . The FDA has approved sunitinib and everolimus for the treatment of progressive metastatic pNET based on positive results from phase III clinical trials. Sunitinib inhibits VEGF receptor signaling. In phase III clinical trials in advanced pNET patients, sunitinib delayed the progression of pNET by 6 months and had a favorable adverse events profile (Raymond et al. 2011) . Everolimus inhibits the mTOR pathway signaling. In the RADIANT3 study, everolimus improved progressionfree survival from 4.6 months in the placebo arm to 11 months in the treatment arm (Yao et al. 2011) .
Poorly differentiated pNET may be treated by chemotherapy with platinumbased regimen (cisplatin/ carboplatin and etoposide for 46 cycles). For patients who relapse more than 6 months after the firstline therapy, the same chemotherapy regimen can be repeated; if relapse occurs sooner than 3-6 months, the options for secondline chemotherapy include irinotecan, topotecan, paclitaxel, docetaxel, vinorelbine, gemcitabine, and temozolomide (Kunz et al. 2013) .
Despite controversy (Kunz et al. 2013) , antitumor effects of somatostatin analogs have been observed in advanced nonfunctioning pNET (Rinke et al. 2009 . Peptide receptorconjugated radiotherapy (with 177 Lu or 90 Ylabeled somatostatin analogs) is currently under investigation.
Prognosis
The American Joint Committee on Cancer (AJCC) and World Health Organization (WHO) grading systems are useful in predicting pNET disease progression, and tissue immunohistochemistry profile provides additional values (Morin et al. 2013) . Other poor prognostic considerations 23:6 include a high Ki67 index/proliferative rate, bone or liver metastasis , older age, longer disease history, and associated tumor in the pancreatic head (Keutgen et al. 2016) .
It is estimated that at least 50% of pNET eventually recur or metastasize. Their malignant potential correlates with tumor size and extent of lymph node metastasis. Some 50-70% of pNET in the size range 2-3 cm are associated with lymph node metastases, and 25-40% of pNET larger than 4 cm are associated with hepatic metastases (Yates et al. 2015) . Patients with nonfunctioning pNET >3 cm have significantly lower survival compared with patients with tumors less than 1 cm or between 1 and 3 cm (Triponez et al. 2006) .
Insulinoma in MEN1
In MEN1 patients, insulinoma is the second most common functioning pancreaticoduodenal neuroendocrine tumor after gastrinoma, with a prevalence of 10-18% in MEN1 (Goudet et al. 2010 . Insulinoma in MEN1 patients has a significantly higher recurrence rate (21%) than sporadic insulinoma (7%) after a 20year followup (Service et al. 1991) .
Clinical features
Neuroglycopenic and adrenergic symptoms such as confusion, visual disturbances, and diaphoresis are typical presenting symptoms of insulinoma. Insulinoma can be the first presentation of MEN1, with a median age of 30 at diagnosis . In a Japanese MEN1 cohort, insulinoma was diagnosed at median age of 35, with 24% recognized before age of 20 . Insulinomas are usually benign and only 10% cases are malignant.
Diagnosis
Diagnosis of insulinoma in patients with typical neuroglycopenic and/or adrenergic symptoms of hypoglycemia requires demonstration of Whipple's triad, and can be accomplished through supervised fasting (Hirshberg et al. 2000) . Diagnosis of insulinoma in a young patient should prompt genetic testing for MEN1 gene mutation: among MEN1 patients diagnosed before age 21, some 12% presented with insulinoma (Goudet et al. 2015) . MEN1 accounts for about 10% of all insulinoma cases. Localization of insulinoma in anticipation of surgery should proceed only after biochemical workup has established the diagnosis of insulinoma.
Noninvasive localization studies may not prove adequate, since CT and MRI correctly identified insulinoma in fewer than half of cases, and only onethird of cases were detected by transabdominal ultrasonography (Taye & Libutti 2015) . The successful localization of an insulinoma with 68 GaDOTATATE PET/CT was described in a recent case report (Sadowski et al. 2014) . Calciumstimulated angiography provided correct preoperative localization in nearly 90% of insulinomas (n = 76) in one tertiary referral center (Guettier et al. 2009 ). Endoscopic ultrasound also demonstrates high sensitivity for insulinoma localization, especially for pancreatic head lesions (Anderson et al. 2000) . During surgery, the combination of palpation and intraoperative ultrasonography can detect >90% of insulinomas (Nikfarjam et al. 2008) .
Management
Surgery is the principal treatment modality for insulinoma in MEN1 patients. In MEN1 patients, approximately 50% of insulinomas are located in the tail of the pancreas, with the remainder split roughly evenly between the body and the head (Vezzosi et al. 2015) . The choice of operation depends on the presence and location of a dominant lesion. Enucleation or segmental resection can be used for MEN1 patients with a single or dominant lesion ). This approach is associated with the fewest postoperative complications but risks a higher recurrence rate. Distal pancreatectomy has the lowest rate of recurrence (Vezzosi et al. 2015) . Intraoperative ultrasonography and monitoring serum level glucose/ insulin are useful in the evaluation of completeness of insulinoma resection (Machado 2012) . Diabetes, pancreatic fistula, pancreatitis, and sepsis are common complications after surgery (Vezzosi et al. 2015) .
Medical therapy may be used for patients who are not surgical candidates, or as a bridging strategy before surgery. Insulinoma patients can be treated with frequent carbohydrate diet, diazoxide, or even corticosteroids (Kunz et al. 2013) . Somatostatin analogs, including lanreotide and octreotide, have been used to alleviate symptoms caused by excessive hormone secretion. This approach can be considered in patients with clinically advanced disease and positive somatostatin receptor scintigraphy (Jawiarczyk et al. 2012) .
Gastrinoma in MEN1
Approximately, 30% of MEN1 patients have gastrinoma, which nearly always manifests as Zollinger-Ellison 23:6 syndrome (ZES), the constellation of gastric acid hypersecretion with severe acidrelated peptic disease, and/or diarrhea (Goudet et al. 2004) . Gastrinomas in MEN1 most commonly arise in the duodenum (>70%), especially in the first part of the duodenum including the bulb, but can also originate in the pancreas or biliary tree (Tonelli et al. 2013) . MEN1 accounts for about 25% of all ZES.
Clinical features
Clinical findings include epigastric or right upper quadrant pain, diarrhea, esophageal reflux, heartburn, or weight loss, which are all related to excessive production of gastric acid. Vomiting may indicate partial or complete gastric outlet obstruction, and hematemesis and/or melena indicate gastrointestinal bleeding. Ulcer perforation may cause acute abdomen with significant complications or even death if not promptly recognized and treated. The clinical symptoms of gastrinoma usually manifest before age 40-50 in MEN1 patients (Gibril et al. 2004) .
Diagnosis
Characteristic clinical symptoms, such as severe heartburn or diarrhea, associated with elevated fasting gastrin levels are suggestive but not diagnostic of ZES. The formal diagnosis of ZES usually requires the demonstration of hypergastrinemia with the exclusion of achlorhydria by the demonstration of an acidic gastric pH. Somatostatin receptor scintigraphy is the single most sensitive method for imaging primary or metastatic liver lesions in patients with gastrinoma, and is as sensitive as CT, MRI, ultrasound, and selective angiography combined (Gibril et al. 1996) . Biopsy through upper GI endoscopy frequently establishes the diagnosis. The majority of gastrinomas in MEN1 arise in the duodenum, whereas sporadic gastrinomas are more commonly located in the pancreas (Jensen et al. 2006) . Although local lymph node involvement can frequently be documented upon initial surgery for gastrinoma in MEN1, the malignant potential of sporadic gastrinomas is greater than those in the context of MEN1 (MacFarlane et al. 1995 , Jensen et al. 2006 .
Management
There are proponents of either surgical or nonsurgical treatment options for MEN1associated gastrinoma.
Many experts recommend the use of an escalating medical regimen with proton pump inhibitors such as omeprazole and pantoprazole to control symptoms and acid (Ito et al. 2013b) , pointing to the difficulty of establishing a biochemical cure via surgery in MEN1 patients (MacFarlane et al. 1995) . Other centers advocate for surgical intervention for duodenal and pancreatic gastrinoma in MEN1, citing significant biochemical cure rates with aggressive surgery (Imamura et al. 2011 , Lopez et al. 2013 . Since correction of primary hyperparathyroidism significantly decreases gastrin level and improves basal acid output , surgical treatment for primary hyperparathyroidism is generally recommended before any surgery for gastrinoma (Machado 2012 , Krampitz & Norton 2013 ).
Bronchial and thymic neuroendocrine tumors in MEN1
Thymic NETs (sometimes referred to as 'carcinoid tumors') occur in 2-8% of individuals with MEN1. These tumors have a male predominance and a high mortality rate, with a 10year survival rate between 25 and 36.1%. On the contrary, bronchial NET are more common (13%) in MEN1, with less gender bias and a more favorable 10year survival rate (71.1%) (Giusti et al. 1993 , de Laat et al. 2014 , Singh Ospina et al. 2015 . Risk factor and mortality analysis of a large cohort of European patients with MEN1 confirmed that thymic NET carries a significantly higher mortality with a hazard ratio of 4.29, while bronchial NET usually follows an indolent course and is not associated with an increased risk of death (Goudet et al. 2010) .
Clinical features
Patients with thymic or bronchial NET can be asymptomatic or have chest discomfort or cough. Although most thymic and bronchial NET in MEN1 are hormonally nonfunctioning (Singh Ospina et al. 2015) , functioning NET can rarely produce symptoms related to the excessive hormone release. Carcinoid syndrome resulting from primary thymic or bronchial NET is rare. Adrenocorticotropic hormone (ACTH) secreting and growth hormonereleasing hormone (GHRH) secreting thymic tumors have been reported in MEN1 patients resulting in ectopic Cushing's syndrome and acromegaly, respectively (Boix et al. 2002 , Takagi et al. 2006 . In patients with advanced disease, symptoms and signs can develop from local invasion,
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mediastinal lymphadenopathy, and pulmonary and bone metastases (Otake et al. 2010 , Thomas de Montpreville et al. 2013 . No genotype-phenotype correlation has been observed between MEN1 mutation and the presence of thymic or bronchial NET (Goudet et al. 2009 ).
Diagnosis
No circulating tumor marker is sensitive enough to be used for the diagnosis of thymic or bronchial NET (Goudet et al. 2009 ). For tumors that are greater than 1 cm size, CT and MRI have sensitivity close to 100% to identify the thymic or bronchial NET. The typical finding on CT scan is an irregular mass enhanced with intravenous contrast that may also contain calcification (Figs 2 and 3) . Conventional somatostatin receptor scintigraphy has a lower sensitivity (around 75%) to detect thymic NET (Gibril et al. 2003) . Imaging by 18 Ffluorodeoxyglucose (FDG) PET/CT may be useful to detect locally invasive lesions and distant metastases (Abe et al. 2008 , Recuero Diaz et al. 2013 . CTguided needle biopsy of thymic NET or bronchoscopic biopsy of bronchial NET, followed by pathological examination of the specimens, help confirm diagnosis after clinical evaluation and radiological workup.
Management
Because of the malignant potential of thymic NET, prophylactic transcervical thymectomy at the time of initial parathyroidectomy is frequently recommended (Gibril et al. 2003 , Goudet et al. 2009 , Altemir Trallero et al. 2012 , Recuero Diaz et al. 2013 . However, such surgical prophylaxis may not always prevent the occurrence of thymic NET in MEN1 patients (Burgess et al. 2001 , Goudet et al. 2009 ). Prophylactic thymectomy may have the additional benefit of preventing recurrent or persistent hyperparathyroidism, since in one study of 66 MEN1 patients undergoing initial parathyroid surgery, nearly 30% of patients demonstrated intrathymic parathyroid tissue following such prophylactic thymectomy (Powell et al. 2008) . Screening for thymic or bronchial NET by chest CT or MRI should be implemented at baseline and every 1-2 years thereafter (Miller et al. 2008 , Thakker et al. 2012 . It must be recognized, however, that lifelong surveillance for a lowprevalence condition also carries potential risks, including overdetection and overtreatment, increased anxiety, exposure to radiation, and medical cost.
For thymic NET in MEN1 patients, en bloc resection of thymus and adjacent compromised structures is recommended (Recuero Diaz et al. 2013) . Observation of bronchial NET with surgical resection of any hormonally functional tumors, tumors causing compressive symptoms, or tumors demonstrating significant interval growth is the main management options.
There is only limited data on medical therapy for nonresectable thymic or bronchial NET in MEN1 patients. There is one case report that a partial response was achieved in a MEN1 patient with thymic NET after cisplatin and etoposide chemotherapy (Amano et al. 2010) . Radiation therapy can be utilized for bone metastases. CT of the chest of an MEN1 patient with a history of thymic neuroendocrine tumor and prior surgical resection, showed a 2.5 × 1.2 cm suspicious mediastinal lesion (marked by arrow). It was resected and proven to be a thymic neuroendocrine tumor by surgical pathology.
Figure 2
CT of the chest showed a lung nodule of 1.1 cm diameter located in the left upper lobe (marked by arrow) in an MEN1 patient. It was surgically resected and proven to be a well-differentiated pulmonary neuroendocrine tumor ('bronchial carcinoid').
MEN2A-associated medullary thyroid cancer
Classical MEN2A is a heritable syndrome charac terized by medullary thyroid cancer (MTC), pheo chromocytoma, and primary hyperparathyroidism (virtually always due to benign disease). MEN2A results from germline mutations in the RET protooncogene and is transmitted in an autosomal dominant manner. Three other nonclassical variants of MEN2A are now recognized: MEN2A with cutaneous lichen amyloidosis, MEN2A with Hirschsprung's disease, and familial MTC (individuals with RET germline mutations from families who have MTC but not pheochromocytoma or primary hyperparathyroidism). MTC arises from parafollicular cells of the thyroid (Ccells) and often develops in early life in MEN2A with an overall penetrance approaching 100% (Wells et al. 2015) . There is a genotype-phenotype association between different RET mutations and clinical manifestation/prognosis of MTC. Current guidelines recommend prophylactic thyroidectomy depending on the risk associated with the particular RET gene mutation (Wells et al. 2015) .
Clinical features
Unlike sporadic MTC that most commonly presents in the fourth to sixth decade of life, the incidence of MEN2associated MTC peaks in the second decade of life. Index cases usually present with a solitary thyroid nodule with or without cervical lymphadenopathy. In rare cases, MTC can cause Cushing's syndrome through ectopic production of ACTH or CRH.
Molecular pathophysiology
MEN2A is caused by gainoffunction mutation in the RET protooncogene. RET encodes a transmembrane receptor tyrosine kinase which, in conjunction with glialderived neurotrophic factor (GDNF) family α coreceptors, binds GDNF family ligands (Wells & Santoro 2009) . In 95% of patients, classical MEN2A is associated with germline missense mutations in RET codons 609, 611, 618, or 620 of exon 10 or codon 634 of exon 11, which map to the receptor's extracellular cysteinerich domain (FrankRaue & Raue 2015) . MEN2A with cutaneous lichen amyloidosis is nearly always associated with mutation of codon 634, while patients with MEN2A and Hirschsprung's disease typically harbor mutations involving RET exon 10 (FrankRaue & Raue 2015).
Diagnosis
Neoplastic Ccells of thyroid gland have the potential to secrete several hormones or biogenic amines, including ACTH, βmelanocyte stimulating hormone, calcitonin, carcinoembryonic antigen (CEA), and chromogranin A. Circulating calcitonin and CEA levels are related to Ccell mass and are valuable tumor markers in patients with MTC (Wells et al. 2015) . Serum calcitonin level has a high sensitivity but a low specificity for the diagnosis of MTC. It can be elevated in many other medical conditions, including hypercalcemia and hypergastrinemia, and can also be abnormal after the use of certain medications, such as proton pump inhibitors, betablockers, and glucocorticoids (Toledo et al. 2009 ). Higher basal levels and stimulated calcitonin levels increase its predicative value for MTC (Karges 2010) .
A higher level of calcitonin may also be indicative of lymph node metastases and can be used to stratify disease and guide neck dissection. In one study, when lymph node metastases were present in the ipsilateral central and lateral neck, contralateral central neck, contralateral lateral neck, and upper mediastinum, basal calcitonin levels were found to be greater than 20, 50, 200, and 500 pg/mL, respectively (Machens & Dralle 2010) . In patients with calcitonin levels greater than 200 pg/mL, bilateral compartment neck surgery should be considered (Machens & Dralle 2010) .
Determination of procalcitonin, the precursor peptide of calcitonin, is comparable to calcitonin in diagnosing primary tumor/extrathyroidal extension and confirming biochemical cure. Because it is more stable and has a longer halflife, procalcitonin has been recommended for use in the community setting (Machens et al. 2014) .
CEA is not a specific marker for MTC, and is not useful for diagnosis. Nevertheless, concurrent measurement of CEA and calcitonin has some benefit in recognizing poorly differentiated or invasive MTC (Wells et al. 2015) . It can be elevated in the presence of positive heterophilic antibody, tobacco smoking, gastrointestinal tract inflammatory disease, benign lung disease, or in nonthyroid malignancies (Wells et al. 2015) .
Commonly used imaging tests to detect and follow primary and secondary MTCs include neck US, chest CT, liver MRI, bone scintigraphy, and axial skeleton MRI. FDGPET scan is less sensitive and has low prognostic value (Giraudet et al. 2007) .
Genetic testing is a critical step in diagnosing MEN2A, and also has the advantage of identifying patients at risk for MTC to allow for prophylactic thyroidectomy. If a 23:6 family member of an index case with a known MEN2A associated RET mutation is asymptomatic and has negative genetic test, biochemical and image testing can be avoided. American Thyroid Association guidelines recommend starting genetic testing by analyzing RET mutations in the exons 8, 10, 11, 13, 14, 15, and 16 . If there is a high clinical suspicion for MEN2A in a patient or family without a known RET mutation, a negative initial genetic testing result warrants sequencing of entire coding region of the RET gene because it is exceedingly rare that a patient diagnosed with MEN2A has no RET germline mutation (Wells et al. 2015) .
Management
The timing of prophylactic thyroidectomy is based on the specific RET mutation, and in some cases, serum calcitonin level. Bilateral central neck dissection can be considered for patients with elevated calcitonin level. Patients assigned American Thyroid Association risk stratification levels A to C, with normal basal, and simulated calcitonin levels, may be operated without central neck dissection (Niederle et al. 2014) .
Surgical cure of MTC might be achieved in patients with negative nodal spread or only a few lymph node metastases . There are different opinions regarding neck lymph node dissection. Some authors propose that central lymph node dissection should be considered for all MTC patients, but lateral lymph node dissection be determined by tumor size, location, and extent of lymph node disease (Kunz et al. 2013) . Other authors recommend the use of radiological/clinical evaluation or calcitonin level to guide lymph node compartment dissection (Wells et al. 2015) .
In advanced MTC that has invaded surrounding structures, extensive debulking surgery involving possible laryngectomy, esophagectomy, or laryngopharyngectomy may be indicated based on patient's life expectancy and other medical comorbidities, in order to maintain maximal functionality of speech and deglutition. Cytoreductive surgery, external beam radiotherapy, embolization, systemic medical therapy, and other nonsurgical therapies can be considered in order to maintain local tumor control or improve life quality (Wells et al. 2015) .
In advanced MTC, somatostatin analogs can be used for refractory diarrhea, which is the major clinical symptom of metastatic disease. Many EGFRtargeting agents also inhibit the RET tyrosine kinase, and can be considered for systemic therapy (Wells et al. 2015) . Two tyrosine kinase inhibitors, vandetanib (Caprelsa) and cabozantinib (Cometriq), are approved by the FDA to be used as firstline therapy in progressive metastatic MTC with significant tumor burden. In randomized, doubleblind, Phase III trials, both vandetanib and cabozantinib showed statistically significant improvement in progression free survival compared with placebo (Wells et al. 2012 , Elisei et al. 2013 ).
MEN2A-associated pheochromocytoma
Pheochromocytomas are neuroendocrine tumors that originate from the catecholaminesynthesizing chromaffin cells of the adrenal medulla or from extra adrenal chromaffin tissue. MEN2A patients have a 50% lifetime risk to develop pheochromocytoma, which nearly always arise in the adrenal glands (King & Pacak 2014) . MEN2A patients have 50-67% chance of developing bilateral disease , 2016 , Wells et al. 2015 , Rajan et al. 2016 ), compared with 10% in general pheochromocytoma population. Pheochromocytoma in MEN2A is rarely malignant, and is not associated with a shortened survival (Thosani et al. 2013) .
Clinical features
Pheochromocytoma can be the presenting manifestation of MEN2A (Kinlaw et al. 2005) . Pheochromocytomas in MEN2A typically hypersecrete epinephrine and can result in elevated blood pressure, rapid or forceful heartbeat, profound sweating, or even hypertensive crisis and cardiac arrest (Zwolak et al. 2015) . MEN2A patients with unilateral pheochromocytoma can develop a contralateral lesion within the next 10 years (Wells et al. 2015 , Rajan et al. 2016 , underscoring the need for proper followup surveillance screening.
Diagnosis
Several studies have shown that the penetrance of pheochromocytoma is correlated with the ATA (American Thyroid Association) risk classification of RET gene mutations (Machens et al. 2005 , Quayle et al. 2007 , Rowland et al. 2013 . Based on these findings, the ATA issued guidelines in 2015 that recommend MEN2A patients carrying highrisk RET germline mutations (such as A883F, C634F/G/R/S/W/Y; as well as M918T in MEN2B) should start screening for pheochromocytoma at age 11, while MEN2A patients with other moderaterisk RET germline mutations should start screening at age of 16 (Wells et al. 2015) . Screening for pheochromocytoma in the context (Taieb et al. 2014) .
Although fewer than 5% of pheochromocytomas in MEN2A are malignant (Ilias & Pacak 2009 ), the diagnosis can be made based on the documentation of extra adrenal involvement, nodal or distant metastases, or histopathologic features including high Ki67/mitotic rate and/or abnormal nuclear pleiomorphism.
Management
Biochemically established pheochromocytoma should be surgically removed before the surgery for MTC or HPTH, and blood pressure should be controlled with alphablockade before surgery.
Laparoscopic resection is appropriate for localized disease. In a retrospective study that compared 438 adrenalectomy and 114 adrenalsparing surgeries in MEN2 patients with pheochromocytoma, no difference was seen in recurrence rate or diseasefree survival. About half of bilateral pheochromocytoma patients (57%) had adrenal sparing surgery and did not become steroiddependent . Due to the high prevalence of bilateral disease and the relatively low malignant potential of pheochromocytoma in MEN2A, cortical sparing surgery or subtotal adrenalectomy should be considered as an alternative procedure to preserve adrenal cortical function (Asari et al. 2006 , Taieb et al. 2014 , Wells et al. 2015 .
Open resection is reserved for malignant or invasive pheochromocytoma, with cytoreductive resection for unresectable disease (Kunz et al. 2013) . Progressive disease can be treated with external beam radiation, 131 IMIBG treatment in 123 IMIBG imagingpositive cases, or systemic chemotherapy with cyclophosphamide, vincristine, and dacarbazine (CVD).
Conclusions and future directions
Endocrine and nonendocrine tumors are common in familial syndromes of hyperparathyroidism due to germline mutation of tumor suppressors or proto oncogenes. These tumors often have different malignant potentials and distinct disease courses, compared with their sporadic counterparts in general population. Our recognition of germline RET activation as the originating molecular defect in MEN2A has accelerated the identification of several tyrosine kinase inhibitors as rational and promising therapeutic agents for MEN2Aassociated malignancies. On the other hand, mutations in MEN1 and CDC73 genes are lossof function mutations, similar to the findings in other tumorsuppressor genes, such as APC. It has proven to be very difficult to restore or compensate for the lost function of these mutated tumorsuppressor genes through a pharmacologic approach. The experience from other hereditary tumors may be helpful to guide the development of new therapies in the future. For instance, in the field of ovarian cancer, there has been success in using poly (ADPribose) polymerase (PARP) inhibitors to treat patients with germline BRCA mutation by causing synthetic lethality (Farmer et al. 2005 , Ledermann 2016 ). Although diseasespecific surveillance and treatment strategies are preferred, there is a paucity of randomized clinical trial data to guide management because of the rarity of these familial syndromes. Advances in tumor imaging modalities, such as 68 Gabased somatostatin receptor scintigraphy, and the greater understanding that is emerging from patient registries that support largescale cooperative clinical studies in Europe and North America on the natural history and therapeutic outcomes of these rare diseases are quite encouraging. To continue these promising developments, it is important that patients with familial syndromes of hyperparathyroidism and rare endocrine malignancies be referred to specialized researchoriented centers that participate in cooperative clinical studies. This approach will allow critical research to be performed at a limited number of cooperating institutes and ensure an adequate volume of patients. Such a strategy, in conjunction with advances in basic and translational science, should allow the thorough and conclusive exploration of novel and promising initiatives to improve the diagnosis, imaging, surveillance, and surgical and medical therapies of these highly morbid endocrine malignancies.
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